Search for the Standard Model Higgs Boson in Tau Final States by Abazov, V.M. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is an author's version which may differ from the publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/75871
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
ar
X
iv
:0
90
3.
48
00
v3
 
[h
ep
-e
x]
 
25 
Jun
 
20
09
Ferm ilab-Pub-09 / 089-E 
Search for the standard m odel H iggs boson in tau  final states
V.M. Abazov37, B. A b b o tt75, M. A bolins65, B.S. A charya30, M. A dam s51, T. A dam s49,
E. Aguilo6, M. A hsan59, G.D. Alexeev37, G. Alkhazov41, A. A lton64’“ , G. Alverson63,
G.A. Alves2, L.S. A ncu36, T. A ndeen53, M.S. Anzelc53, M. Aoki50, Y. A rnoud14, M. Arov60,
M. A rth au d 18, A. Askew49’6, B. Ä sm an42, O. A tram entov49’6, C. Avila8, J. BackusM ayes82,
F. B adaud13, L. Bagby50, B. B aldin50, D.V. B andurin59, S. B anerjee30, E. B arberis63,
A.-F. B arfuss15, P. B argassa80, P. B aringer58, J. B arreto2, J .F . B a rtle tt50, U. B assler18,
D. B auer44, S. Beale6, A. Bean58, M. Begalli3, M. Begel73, C. B elanger-Cham pagne42,
L. Bellantoni50, A. Bellavance50, J.A . Benitez65, S.B. Beri28, G. B ernard i17, R. B ernhard23,
I. B ertram 43, M. Besancon18, R. Beuselinck44, V.A. Bezzubov40, P.C. B h a t50,
V. B hatnagar28, G. Blazey52, S. Blessing49, K. Bloom 67, A. Boehnlein50, D. Boline62,
T.A. B olton59, E.E. Boos39, G. Borissov43, T. Bose62, A. B ran d t78, R. Brock65,
G. B rooijm ans70, A. Bross50, D. Brow n19, X.B. B u7, D. Buchholz53, M. Buehler81,
V. Buescher22, V. Bunichev39, S. B urdin43,c, T.H. B u rn e tt82, C.P. Buszello44,
P. Calfayan26, B. C alpas15, S. C alvet16, J. Cam m in71, M.A. C arrasco-Lizarraga34,
E. C arrera49, W. Carvalho3, B.C.K . Casey50, H. Castilla-Valdez34, S. C hak rabarti72,
D. C hakraborty52, K.M. C han55, A. C handra48, E. Cheu46, D.K. Cho62, S. Choi33,
B. C houdhary29, T. C hristoudias44, S. C ihangir50, D. Claes67, J. C lu tte r58, M. Cooke50,
W .E. Cooper50, M. C orcoran80, F. Couderc18, M.-C. Cousinou15, S. C repe-R enaudin14,
V. Cuplov59, D. C u tts77, M. Cwiok31, A. D as46, G. Davies44, K. De78, S.J. de Jong36,
E. De La Cruz-Burelo34, K. D eV aughan67, F. D eliot18, M. D em arteau50, R. D em ina71,
D. Denisov50, S.P. Denisov40, S. D esai50, H .T. D iehl50, M. D iesburg50, A. Dominguez67,
T. D orland82, A. D ubey29, L.V. D udko39, L. D uflot16, D. D uggan49, A. D uperrin15,
S. D u tt28, A. D yshkant52, M. E ads67, D. E dm unds65, J. Ellison48, V.D. E lvira50, Y. E nari77,
S. Eno61, P. Erm olov39’*, M. Escalier15, H. Evans54, A. Evdokimov73, V.N. Evdokimov40,
G. Facini63, A.V. Ferapontov59, T. Ferbel61’71, F. F iedler25, F. F ilth a u t36, W. F isher50,
H.E. F isk50, M. F ortner52, H. Fox43, S. Fu50, S. Fuess50, T. G adfort70, C.F. G alea36,
A. G arcia-Bellido71, V. Gavrilov38, P. G ay13, W. G eist19, W. G eng15’65, C.E. G erber51,
1
Y. G ershtein49’6, D. G illberg6, G. G in ther50’71, B. Gomez8, A. Goussiou82, P.D. G rannis72, 
S. G reder19, H. Greenlee50, Z.D. G reenwood60, E.M. Gregores4, G. G renier20, Ph. G ris13, 
J.-F . G rivaz16, A. G rohsjean26, S. G ränendah l50, M.W . G runew ald31, F. Guo72, J. G uo72,
G. G utierrez50, P. G utierrez75, A. H aas70, N .J. H adley61, P. H aefner26, S. H agopian49,
J. Haley68, I. Hall65, R.E. Hall47, L. H an7, K. H arder45, A. H arel71, J.M . H aup tm an57,
J. Hays44, T. H ebbeker21, D. Hedin52, J.G . Hegem an35, A.P. Heinson48, U. H eintz62,
C. Hensel24, I. Heredia-De La Cruz34, K. H erner64, G. H esketh63, M.D. H ildreth55,
R. Hirosky81, T. Hoang49, J.D . H obbs72, B. Hoeneisen12, M. Hohlfeld22, S. Hossain75,
P. H ouben35, Y. H u72, Z. H ubacek10, N. H uske17, V. H ynek10, I. Iashvili69, R. Illingw orth50, 
A.S. Ito 50, S. Jabeen62, M. Jaffre16, S. Ja in 75, K. Jakobs23, D. Jam in 15, C. Jarv is61,
R. Jesik44, K. Johns46, C. Johnson70, M. Johnson50, D. Johnston67, A. Jonckheere50,
P. Jonsson44, A. Ju ste50, E. K ajfasz15, D. K arm anov39, P.A. K asper50, I. K atsanos67,
V. K aushik78, R. K ehoe79, S. Kerm iche15, N. K halatyan50, A. K hanov76, A. K harchilava69, 
Y.N. K harzheev37, D. K hatidze70, T .J. K im 32, M.H. K irby53, M. Kirsch21, B. K lim a50, 
J.M . K ohli28, J.-P. K onra th23, A.V. Kozelov40, J. K raus65, T. K uhl25, A. K um ar69,
A. K upco11, T. K urca20, V.A. K uzm in39, J. K v ita9, F. Lacroix13, D. Lam 55,
S. Lam m ers54, G. Landsberg77, P. L ebrun20, W .M . Lee50, A. Leflat39, J. Lellouch17,
J. Li78’*, L. Li48, Q.Z. Li50, S.M. L ie tti5, J.K . Lim32, D. Lincoln50, J. L innem ann65, 
V.V. Lipaev40, R. L ipton50, Y. Liu7, Z. Liu6, A. Lobodenko41, M. Lokajicek11,
P. Love43, H .J. L u b a tti82, R. L una-G arcia34’d, A.L. Lyon50, A.K.A. M aciel2,
D. M ackin80, P. M attig27, A. M agerkurth64, P.K. M al82, H.B. M albouisson3, S. M alik67, 
V.L. M alyshev37, Y. M aravin59, B. M artin14, R. M cC arthy72, C.L. M cGivern58,
M.M. M eijer36, A. M elnitchouk66, L. M endoza8, D. Menezes52, P.G. M ercadante5,
M. M erkin39, K.W . M erritt50, A. Meyer21, J. M eyer24, J. M itrevski70, R.K. M ommsen45, 
N.K. M ondal30, R.W . M oore6, T. M oulik58, G.S. M uanza15, M. M ulhearn70, O. M undal22, 
L. M undim 3, E. N agy15, M. N aim uddin50, M. N arain77, H.A. Neal64, J.P. N egret8,
P. N eustroev41, H. Nilsen23, H. Nogim a3, S.F. Novaes5, T. N unnem ann26, G. O bran t41,
C. O chando16, D. O noprienko59, J. O rduna34, N. O shim a50, N. O sm an44, J. O sta55,
R. O tec10, G .J. O tero y G arzon1, M. Owen45, M. Padilla48, P. Padley80, M. Pangilinan77, 
N. P arash ar56, S.-J. P ark 24, S.K. P ark 32, J. Parsons70, R. P artridge77, N. P a ru a54,
2
A. P atw a73, G. Pawloski80, B. Penning23, M. Perfilov39, K. Peters45, Y. Peters45,
P. Petroff16, R. P iegaia1, J. P ip er65, M.-A. P leier22, P.L.M. Podesta-L erm a34,e,
V.M. Podstavkov50, Y. Pogorelov55, M.-E. Pol2, P. Polozov38, A.V. Popov40, C. P o tte r6, 
W .L. P rado  da Silva3, S. P ro topopescu73, J. Q ian64, A. Q u ad t24, B. Q uinn66,
A. R akitine43, M.S. R angel16, K. R an jan29, P.N. Ratoff43, P. Renkel79, P. Rich45,
M. Rijssenbeek72, I. R ipp-B audo t19, F. R izatdinova76, S. Robinson44, R .F. Rodrigues3, 
M. Rom insky75, C. Royon18, P. Rubinov50, R. R uchti55, G. Safronov38, G. S a jo t14,
A. Sanchez-Hernandez34, M.P. Sanders17, B. Sanghi50, G. Savage50, L. Sawyer60,
T. Scanlon44, D. Schaile26, R.D. Scham berger72, Y. Scheglov41, H. Schellman53,
T. Schliephake27, S. Schlobohm82, C. Schwanenberger45, R. Schwienhorst65, J. Sekaric49,
H. Severini75, E. Shabalina24, M. Sham im 59, V. Shary18, A.A. Shchukin40, R.K. Shivpuri29, 
V. Siccardi19, V. Sim ak10, V. Sirotenko50, P. Skubic75, P. S la tte ry71, D. Smirnov55, 
G.R. Snow67, J. Snow74, S. Snyder73, S. Söldner-Rem bold45, L. Sonnenschein21,
A. Sopczak43, M. Sosebee78, K. Soustruznik9, B. Spurlock78, J. S ta rk 14, V. Stolin38,
D.A. Stoyanova40, J. S trandberg64, S. S trandberg42, M.A. S trang69, E. S trauss72,
M. S trauss75, R. S trohm er26, D. S trom 53, L. S tu tte50, S. Sumowidagdo49, P. Svoisky36, 
M. Takahashi45, A. Tanasijczuk1, W. Taylor6, B. T iller26, F. T issandier13, M. T ito v 18, 
V.V. Tokm enin37, I. Torchiani23, D. Tsybychev72, B. Tuchm ing18, C. Tully68, P.M. T u ts70, 
R. U nalan65, L. Uvarov41, S. Uvarov41, S. Uzunyan52, B. Vachon6, P.J. van den Berg35, 
R. Van K ooten54, W .M. van Leeuwen35, N. Varelas51, E.W . Varnes46, I.A. Vasilyev40,
P. Verdier20, L.S. V ertogradov37, M. Verzocchi50, D. V ilanova18, P. V in t44, P. Vokac10, 
M. V outilainen67f, R. W agner68, H.D. W ahl49, M.H.L.S. W ang71, J. W archol55, G. W atts82, 
M. W ayne55, G. W eber25, M. W eber50,0, L. W elty-Rieger54, A. W enger23,h, M. W etstein61, 
A. W hite78, D. W icke25, M .R .J. W illiam s43, G.W . W ilson58, S.J. W im penny48,
M. W obisch60, D.R. W ood63, T .R . W y a tt45, Y. Xie77, C. X u64, S. Yacoob53, R. Y am ada50, 
W .-C. Yang45, T. Y asuda50, Y.A. Y atsunenko37, Z. Ye50, H. Y in7, K. Y ip73, H.D. Yoo77, 
S.W. Youn53, J. Yu78, C. Z eitn itz27, S. Zelitch81, T. Zhao82, B. Zhou64, J. Zhu72,
M. Zielinski71, D. Zieminska54, L. Zivkovic70, V. Z utsh i52, and  E.G. Zverev39
(The D 0  Collaboration)
1 Universidad de Buenos Aires, Buenos Aires, Argentina
3
2L A F E X , Centro Brasileiro de Pesquisas Fésicas, Rio de Janeiro, Brazil 
3Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil 
4 Universidade Federal do A B C , Santo André, Brazil 
5Instituto de Fésica Teorica, Universidade Estadual Paulista, Säo Paulo, Brazil 
6 University o f Alberta, Edmonton, Alberta,
Canada; Sim on Fraser University, Burnaby,
British Columbia, Canada; York University, Toronto, Ontario,
Canada and McGill University, Montreal, Quebec, Canada 
7 University of Science and Technology of China, Hefei, People’s Republic o f China 
8 Universidad de los Andes, Bogota, Colombia 
9 Center fo r  Particle Physics, Charles University,
Faculty o f Mathematics and Physics, Prague, Czech Republic 
10 Czech Technical University in Prague, Prague, Czech Republic
11 Center fo r  Particle Physics, Institute of Physics,
Academy of Sciences o f the Czech Republic, Prague, Czech Republic 
12 Universidad San Francisco de Quito, Quito, Ecuador  
13LPC, Université Blaise Pascal, C N R S/IN 2P 3 , Clermont, France 
14LPSC, Université Joseph Fourier Grenoble 1, C N R S/IN 2P 3 ,
Institu t National Polytechnique de Grenoble, Grenoble, France 
15 CPPM, Aix-Marseille Universite, C N R S/IN 2P 3 , Marseille, France 
16LAL, Université Paris-Sud, IN 2 P 3 /C N R S , Orsay, France 
17LPNHE, IN 2 P 3 /C N R S , Universités Paris V I and VII, Paris, France 
18 CEA, Irfu, SPP, Saclay, France 
19IPHC, Université de Strasbourg, C N R S/IN 2P 3 , Strasbourg, France 
20IPNL, Université Lyon 1, C N R S/IN 2P 3 , Villeurbanne,
France and Université de Lyon, Lyon, France 
21III. Physikalisches Institu t A, R W T H  Aachen University, Aachen, Germany  
22Physikalisches Institut, Universitat Bonn, Bonn, Germany  
23 Physikalisches Institut, Universitat Freiburg, Freiburg, Germany  
24II. Physikalisches Institut, Georg-August-Universitat G Göttingen, Germany
4
25Institu t fü r  Physik, Universität Mainz, Mainz, Germany  
26Ludwig-Maximilians-Universität München, München, Germany  
27Fachbereich Physik, University o f Wuppertal, Wuppertal, Germany  
28 Panjab University, Chandigarh, India  
29Delhi University, Delhi, India  
30 Tata Institute of Fundamental Research, Mumbai, India  
31 University College Dublin, Dublin, Ireland 
32Korea Detector Laboratory, Korea University, Seoul, Korea 
33 SungKyunKwan University, Suwon, Korea 
34 C IN V E STA V , Mexico City, Mexico 
35 FO M -Institute N IK H E F  and University of 
A m sterdam /N IK H E F , Amsterdam, The Netherlands  
36Radboud University N ijm egen/N IK H EF, Nijmegen, The Netherlands 
37 Joint Institute fo r  Nuclear Research, Dubna, Russia  
38Institute fo r  Theoretical and Experimental Physics, Moscow, Russia  
39Moscow State University, Moscow, Russia  
40Institute fo r  High Energy Physics, Protvino, Russia  
41 Petersburg Nuclear Physics Institute, St. Petersburg, Russia  
42Stockholm University, Stockholm, Sweden, 
and Uppsala University, Uppsala, Sweden  
43Lancaster University, Lancaster, United K ingdom  
44Imperial College, London, United Kingdom  
45 University of Manchester, Manchester, United Kingdom  
46 University of Arizona, Tucson, Arizona 85721, USA 
47California State University, Fresno, California 93740, USA 
48 University o f California, Riverside, California 92521, USA 
49Florida State University, Tallahassee, Florida 32306, USA 
50Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA 
51 University of Illinois at Chicago, Chicago, Illinois 60607, USA 
52Northern Illinois University, DeKalb, Illinois 60115, USA
5
53Northwestern University, Evanston, Illinois 60208, USA 
54Indiana University, Bloomington, Indiana 47405, USA 
55 University o f Notre Dame, Notre Dame, Indiana 46556, USA 
56Purdue University Calumet, Hammond, Indiana 46323, USA 
57Iowa State University, Ames, Iowa 50011, USA 
58 University o f Kansas, Lawrence, Kansas 66045, USA 
59Kansas State University, Manhattan, Kansas 66506, USA 
60 Louisiana Tech University, Ruston, Louisiana 71272, USA 
61 University o f Maryland, College Park, Maryland 20742, USA 
62Boston University, Boston, Massachusetts 02215, USA 
63Northeastern University, Boston, Massachusetts 02115, USA 
64 University o f Michigan, A n n  Arbor, Michigan 48109, USA 
65Michigan State University, East Lansing, Michigan 48824, USA 
66 University o f Mississippi, University, Mississippi 38677, USA 
67 University o f Nebraska, Lincoln, Nebraska 68588, USA 
68Princeton University, Princeton, New Jersey 08544, USA 
69State University o f New York, Buffalo, New York 14260, USA 
70 Columbia University, New York, New York 10027, USA 
71 University of Rochester, Rochester, New York 14627, USA 
72State University of New York, Stony Brook, New York 11794, USA 
73 Brookhaven National Laboratory, Upton, New York 11973, USA 
74Langston University, Langston, Oklahoma 73050, USA 
75 University o f Oklahoma, Norman, Oklahoma 73019, USA 
76Oklahoma State University, Stillwater, Oklahoma 74078, USA 
77Brown University, Providence, Rhode Island 02912, USA 
78 University o f Texas, Arlington, Texas 76019, USA 
79 Southern Methodist University, Dallas, Texas 75275, USA 
80Rice University, Houston, Texas 77005, USA 
81 University o f Virginia, Charlottesville, Virginia 22901, USA and 
82 University of Washington, Seattle, Washington 98195, USA
6
(Dated: March 27, 2009)
Abstract
We present a search for the standard model Higgs boson using hadronically decaying tau leptons, 
in 1 fb-1 of data collected with the D0 detector at the Fermilab Tevatron pp collider. We select two 
final states: t±  plus missing transverse energy and b jets, and t + t -  plus jets. These final states 
are sensitive to a combination of associated W /Z  boson plus Higgs boson, vector boson fusion and 
gluon-gluon fusion production processes. The observed ratio of the combined limit on the Higgs 
production cross section at the 95% C.L. to the standard model expectation is 29 for a Higgs boson 
mass of 115 GeV.
PACS numbers: 13.85Qk, 13.85.Rm, 14.80Bn
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A standard  model (SM) Higgs boson w ith a mass in the  range 105 — 145 GeV is expected 
to  be produced in pp collisions a t a center-of-mass energy of 2 TeV w ith  cross sections of 
0 (1 0 0  fb) for associated VH  p roduction  (V =  W  or Z ) and vector boson fusion (VBF), 
qq —► V V q'q"  —► q'cf'H, and of (9(1 pb) for gluon-gluon fusion (G G F) [1], Previous searches 
for the  SM Higgs boson a t the  Ferm ilab Tevatron collider [2] have sought the  VH  processes 
w ith  W ) Z  decays to  leptons o ther th a n  taus and H  —► bb, and  the  gluon fusion process w ith 
H  ^  V V * w ith  V (V *) ^  ee or ^ .  Thus far, there  have been no published searches in the 
case th a t either the  V or H  decays to  t  leptons. Given the  small Higgs boson production 
cross sections, it is advantageous to  use all possible decay m odes to  increase the  search 
sensitiv ity  Here, we present a search designed for either of th e  two final states: r ± // +  66 je ts 
(denoted “t v ” ) or t + t -  +  je ts (denoted “t t ” ). The analysis is based on 0.94 fb-1 ( t v ) and
1.02 fb-1 (t t ) of d a ta  collected by the  D0 experim ent [3] a t the  Ferm ilab Tevatron collider.
The t v  analysis ta rge ts W H  production  w ith  W  ^  t v  and  Z H  production where Z  ^  t t  
bu t one r  is no t identified, b o th  w ith H  —► bb. The triggers used for selecting events require 
je ts  of high transverse energy, E T, and  large missing transverse energy, E t . The offline 
selection of events requires a t least one ta u  candidate decaying to  hadrons, a t least two je ts  
identified as candidate b quark  je ts  (b tagged) w ith transverse m om entum  p T >  15 GeV, 
and  E t , corrected for the  presence of muons and taus, g reater th a n  30 GeV. We reject 
events containing an electron w ith pT >  15 GeV or a m uon w ith pT >  8 GeV to  m ain tain  
independence from th e  t t  analysis and o ther SM Higgs boson searches [2].
The t t  analysis ta rge ts  VH  p roduction w ith Z  —► t +t ~ and  H  —► bb (denoted “HZ” ), 
V  ^  qq and  H  —► t +t ~ ( “W H ” and “ZH” ), V BF w ith H  -»■ t +t ~ , and G G F w ith H  -»■ 
t +t ~ and  a t least two associated jets. We identify one of the  taus th rough  its decay to  
and  the  o ther in a hadronic decay mode. The events satisfy a com bination of single m uon 
and m uon plus je ts  trigger conditions. Offline, events are selected [4] by requiring exactly 
one m uon w ith p T >  12 GeV, pseudorapidity  |n| <  2.0, and  isolated from  other tracks and 
calorim eter activity  in a cone surrounding the  m uon track  candidate. We also require a 
hadronic ta u  candidate and  a t least two jets. The t  and  ^  are required to  be of opposite 
charge for the  prim ary event sample. Events containing an electron w ith  pT >  12 GeV are 
rejected.
We identify th ree types of hadronic taus, m otivated  by the  decays (1) t± ^  n±v, (2) 
t± ^  n ± n 0 v, and  (3) t ± ^  n ± n ± n T(n0)v. The identifications [5] are based on the  num ber
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of associated tracks and  activity  in the  electrom agnetic (EM) portion  of the  calorim eter, 
b o th  w ithin a cone 1Z = \ J (A r\)2 +  (A (f>)2 < 0.5, where (f) is the  azim uthal angle. The 
requirem ents for the  t v  ( t t ) analysis are: for type 1, a single track  w ith pi^k >  12 (15) 
GeV and no nearby EM energy cluster; for type 2, a single track  w ith pi^k >  10 (15) GeV 
w ith  an associated EM cluster, and  for type 3, a t least one track  w ith pi^k >  7 GeV and 
S p ^ k >  20 GeV and an associated EM cluster. In addition to  hadronic ta u  decays, type 2 
taus also contain t  ^  e decays. Due to  the  larger m ultijet background, type 3 taus are not 
used in the  t v  analysis. For the  t t  channel only those tw o-track type 3 candidates w ith  b o th  
tracks of the  same charge sign are reta ined  to  give unam biguous ta u  charge determ ination. 
A neural network (NN) [5] is formed for each ta u  type using inpu t variables such as isolation 
and  the  transverse and longitudinal shower profiles of the  calorim eter energy depositions 
associated w ith  the  ta u  candidate. Tau preselection is based on the  requirem ent th a t the 
o u tp u t NN value, NNT, exceeds 0.3 thus favoring the  ta u  hypothesis. The ta u  transverse 
m om entum  pT is constructed  from the  transverse energy observed in the  calorim eter, E T , 
w ith  type-dependent corrections based on the  tracking inform ation. For the  th ree types we 
require pT to  be g reater th a n  12 (15), 10 (15), or (20) GeV for the  t v  ( t t ) analyses. The 
t v  analysis subdivides the  type 2 taus according to  w hether the  energy deposit is electron­
like or hadron-like and  the  two subsam ples are trea ted  separately in assessing the  m ultijet 
background. For type 2 candidates in the  t t  analysis, we require 0.7 <  p ^ k/ E f  <  2 to  
remove backgrounds in regions w ith  poor EM calorim etry or due to  cosmic rays.
Je ts are reconstructed  w ith  a cone of radius 0.5 in rapidity-azim uth space [6]. Their 
energies are corrected to  the  particle level to  account for detector effects and  missing energy 
due to  sem ileptonic decays of je t fragm entation products. We preselect je ts  w ith  p T >  15 
GeV, |n| <  2.5, and separated  by R  >  0.5 from  t and  ^  candidates.
Backgrounds o ther th a n  those from  m ultijet (M J) production are sim ulated using M onte 
Carlo (MC). We use a l p g e n  [7] for t t  and  F + je ts  production; p y t h i a  [8] for WW, W Z  
and  Z Z  (diboson) production; and COMPHEP [9] for single top  quark  production. The 
a l p g e n  events are passed th rough  p y t h i a  for parto n  showering and hadronization. The 
Higgs boson signal processes are generated using p y t h i a  and  the  CTEQ6L1 [10] leading 
order parto n  d istribu tion  functions (PD F) for =  105 -  145 GeV in 10 GeV steps. We 
norm alize the  cross sections to  the  highest available order calculations for the  signal [11] 
and  background [12]. Higgs decays are sim ulated using h d e c a y  [13] and  for ta u  decays
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using ta u o la  [14]. All MC events are passed th rough  the  s tandard  D0 detector sim ulation, 
digitization, and  reconstruction program s.
Backgrounds due to  M J production, w ith  spurious E T or m isidentified taus are estim ated 
from  d a ta  samples. For the  tv analysis, an  enriched m ultijet sam ple is formed by selecting 
taus w ith  0. 3 <  NNT <  0. 7. The contributions from  those background processes generated 
by MC are then  sub tracted  to  give the  BG TV m ultijet background sample which has negligible 
Higgs boson signal and  provides the  shapes of the  m ultijet d istributions in the  kinem atic 
variables. The norm alization is given by the  ra tio  of the  num ber of events in the  signal 
region, NNT >  0.9, after sub tracting  MC backgrounds, to  the  num ber of events in the  BG TV 
sample.
For the  M J background in the  tt  analysis, we prepare a m ultijet background d a ta  sample 
(BG tt), orthogonal to  the  signal sample (SGTT) defined by the  ^ , t , and je t preselection 
cuts above, by reversing b o th  track  and calorim eter isolation requirem ents for the  m uon 
and by requiring NNT <  0.8. For b o th  BGTT and SGTT samples, th e  MC backgrounds are 
sub tracted , and the  same sign (SS) or opposite sign (OS) ^  -  t charge com binations subsets 
are formed. The BGTT sam ple provides the  shape of the  m ultijet background, w ith  the 
norm alization obtained  by m ultiplying the  num ber of SS SGTT events by the  ra tio  of OS to  
SS events in the  BG TT sample. These ratios are determ ined separately for each ta u  type, 
and  are observed to  be close to  one and independent of p^  and  pT .
The event sample for the  tv analysis is obtained  w ith additional requirem ents after the 
object selections described above: (a) a t least two je ts  w ith  p T >  20 GeV and <  3 je ts  w ith 
p T >  15 GeV; (b) the  angle A 0(ET, Tt ) <  n /2 ,  where Tt  is th e  negative of the  transverse 
com ponent of the  net m om entum  of all tracks in the  event [15]; (c) H T <  200 GeV, where 
H t  is th e  scalar sum  of the  pT of all jets; (d) for hadron-like type 2 taus, the  transverse 
mass, form ed from  the  t and  E T, less th a n  80 GeV; (e) dijet invariant mass in the  range 
50 <  Mjj <  200 GeV; and  (f) the  requirem ent A 0 (t ,E t ) <  0 .02(n — 2)(ET — 30) +  2 (ET in 
GeV) to  reduce contam ination due to  poorly reconstructed m ultijet events in which a je t 
misidentified as a ta u  is nearly collinear w ith E T. To fu rther improve the  signal (S) over 
background (B) separation, we require two je ts  to  be tagged w ith a NN th a t discrim inates b 
quark  je ts  and  je ts  from  light partons [16]. Figure 1(a,b) shows the  Mjj d istribu tion  before 
and  after b tagging and the  event yields are sum m arized in Table I .
M ost of the  signal processes sought in the  tt  analysis contain light quark  je ts, so we do
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FIG. 1: The dijet mass distribution for all tau types for the tv analysis (a) before b-tagging, and
(b) after the final selection; (c) the combined NNZjets variable for the low Higgs mass tt analysis. 
The signal is shown (multiplied by 30) for Mh  =  115 GeV. (color online)
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not employ b tagging. We require 2 je ts  w ith p T >  20 GeV. To fu rther separate signals from 
backgrounds, we tra in  a dedicated NN for the  signal processes (HZ, W H, ZH, V BF) and for 
each of the  m ain background types ( W  +  je ts, Z  +  je ts, t t  and M J). A fter requiring two jets, 
the  MC G G F samples are small, m aking NN tra in ing  unreliable. Since th e  G G F and  VBF 
processes b o th  involve non-resonant dijet systems, we incorporate the  G G F events w ith  the 
V BF sample when constructing the  final lim it analysis. The NNs are separately tra ined  for 
low mass (105, 115 and 125 GeV) and  high mass (135, 145 GeV) Higgs bosons, giving 32 NNs 
in all. Twenty well-modeled inpu t variables are considered for each of the  NNs. They include 
transverse or invariant masses of com binations of je ts  and leptons, E T , angular correlations, 
and  overall event d istributions such as H T and ap lan arity [17]. For each signal-background 
pair, a choice of six or seven variables is m ade using the  criterion th a t each added variable 
m ust give significant im provem ent in S/\J~B. The same variable choices are m ade for all 
Higgs boson masses. All NN inpu t and o u tp u t variables show good agreem ent between d a ta  
and  background prediction, and  typically provide good discrim ination between the  signal 
and  background under consideration. The tt, VF+jets and  M J NNs  give good separation 
of signal and  background, whereas the  Z + je ts  N N  signal and  background d istributions are 
not so well differentiated. Thus we define the  variables NNbg as the  largest NN ou tp u t 
variable am ong the  various signals, for each background source, bg =  tt , W  +  je ts, and MJ. 
We require NNbg >  0.4, based on an optim ization of the  expected Higgs boson cross section 
limits. A fter th is selection, the  NN ou tpu ts  tra ined  against the  Z  +  je ts  background for all
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TABLE I: Numbers of events at the preselection level and after the final selection (b tagging for 
t v  and NNbg cut for t t ) for all t  types combined, for data, estimated backgrounds and signal at 
M h  =  115 GeV. The V +jets background is given for light parton ( “u,d,s,g” =  “lp”) and heavy 
flavor ( “b,c” =  “hf”) jets separately. The uncertainties shown are statistical only. For the tv  (t t ) 
analysis the combined statistical and systematic uncertainties on the sum of backgrounds in the 
final selections are 5.3 (14.8) events.
tv analysis tt analysis
Source Preselection Final Preselection Final
W +  lp 1124 ±  18 0.5 ± 0 .0 37.7 ±  2.1 5.1 ±  0.3
W +  hf 308.2 ±  4.8 10.9 ± 0 .3 8.2 ± 0 .5 0.9 ±  0.1
Z +  lp 49.1 ±  1.5 < 0.2 78.4 ± 0 .9 43.8 ±  0.6
Z +  hf 7.8 ± 0 .5 0.4 ± 0 .0 15.7 ±  1.0 10.1 ±  0.7
tt 46.7 ± 0 .4 9.5 ±0 .1 30.8 ± 0 .3 2.8 ±  0.0
Diboson 54.9 ±  1.1 0.7 ± 0 .0 6.1 ± 0 .5 2.1 ±  0.2
Multijet 122.6 ±  11.2 1.3 ±0 .1 57.2 ±8 .1 6.5 ±  2.8
Sum 1714 ± 2 2 23.3 ± 0 .4 234 ± 9 71.2 ±  3.0
D ata 1666 13 220 58
HZ 0.038 0.029
WH 0.543 0.201 0.145 0.106
ZH 0.023 0.015 0.094 0.069
VBF 0.071 0.059
GGF 0.041 0.030
Sum 0.566 0.216 0.389 0.293
signals are combined by tak ing  the ir weighted average, NNZjets, over the  four signal processes 
(HZ, W H, ZH, V B F), w ith  weights equal to  the  relative expected yield for each signal. The 
NNZjets d istribu tion  for the  final sample is shown in Fig. 1(c), now including the  G G F signal 
events. The signal and background event yields are given in Table I .
Some system atic uncertain ties induce a shape dependence on th e  final lim it setting  vari­
able. For the  tv analysis, such shape dependence is found for the  je t energy scale, je t energy
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resolution, and the  b-tagging efficiencies. A lternate  shapes are determ ined by changing the 
relevant param eter by ± 1  s tandard  deviation from the  nom inal value and  are provided to  the 
lim it setting  program . For the  tt  analysis, only the  m ultijet background is found to  give an 
appreciable shape change. It is determ ined by varying the  m ethod for selecting M J events, 
reversing either the  m uon or the  ta u  requirem ents, bu t not bo th , relative to  the  standard  
choice. The rem aining ‘f la t’ system atic uncertainties do not affect the  final variable d istri­
bu tion  shape. Such flat uncertain ties for the  tv (t t ) analysis are, unless otherw ise noted, 
fully correlated for different backgrounds and  analysis channels, and  include (a) in tegrated  
luminosity, 6.1% (6.1%) [18]; (b) trigger efficiency, 5.5% (3%) (uncorrelated tv and t t ); (c) 
m uon identification, (4.5%); (d) ta u  identification, 5.0-6.0%  (5.0%); (e) ta u  track  efficiency, 
3.0% (3.0%); (f) ta u  energy scale, 2.3-2.7%  (3.5%); (g) je t identification and  reconstruction,
1.7-4.9% (2%); (h) je t energy resolution, (4.5%); (i) je t energy scale (7.5%) [19]; (j) MC 
background cross sections, 6-18%  (6-18% ) (these are taken to  be uncorrelated am ong the 
backgrounds); (k) higher order correction for the  V + je ts  cross section, 20% (20%); (l) V +  
heavy flavor je t cross section correction, 30% (30%); and (m) m ultijet background, 82-100% 
(uncorrelated tv and  tt  ).
The upper lim its on the  Higgs boson cross section are obtained  using the  modified fre­
quentist m ethod [20]. For the  t v  analysis, the  te st s ta tis tic  is the  negative log likelihood 
ra tio  (LLR) derived from the  M j distribution. For the  t t  analysis, the  LLR is form ed from 
the  NNZjets final neural network variable. The confidence levels CLs+b (CLb) give the  proba­
bility th a t the  LLR value from a set of sim ulated pseudo-experim ents under the  signal plus 
background (background-only) hypothesis is less likely th a n  th a t observed, a t the  quoted 
C.L. The hypothesized signal cross sections are scaled up from  the ir SM values until the 
value of CLs =  CLs+b/C L b reaches 0.05 to  ob ta in  the  lim it cross sections a t the  95% C.L., 
b o th  for expected and observed limits. In the  calculation, all contributions to  the  system ­
atic uncertain ty  are varied, subject to  the  constrain ts given by the ir estim ated  values, to  
give the  best fit [21]. The correlations of each system atic uncertain ty  am ong signal a n d /o r 
background processes are accounted for in the  m inim ization.
The ratios of the  expected and observed upper lim its to  the  SM expectations are shown 
in Table II for the  two channels separately and  combined. For all Higgs masses, the  observed 
lim its are w ithin 1a of the  expected limits. At =  115 GeV, the  observed (expected) 95%
C.L. lim it is 29 (28) tim es th a t predicted  in the  SM for the  seven signal processes considered
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TABLE II: Expected and observed 95% C.L. upper limits on the Higgs boson production cross 
section relative to the SM predicted value, for the tv and tt analyses separately and combined.
TV analysis TT analysis Combined
M h  (GeV) exp obs. exp obs. exp. obs.
105 33 27 39 36 24 20
115 42 35 43 47 28 29
125 62 60 60 65 40 44
135 105 106 87 61 63 50
145 226 211 158 95 120 82
in the  combined tv and  tt  analyses. This is the  first lim it on SM Higgs production  using 
final sta tes involving hadronically decaying ta u  leptons. These results contribute to  the 
sensitivity of the  combined Tevatron search for low mass Higgs bosons [2].
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